Technology scaling improves timing resolution, but diminishes voltage resolution, so time-/frequency-to-digital conversion is gaining popularity. In traditional amplitude-based converters, the sensor signal typically has to be preprocessed (amplified, filtered, etc) before feeding it to the converter. In the context of time-based converters, the conversion of the sensor to a frequency/time signal can be seen as pre-processing, after which it is fed to the time-todigital converter. This paper focuses on the optimized conversion of a capacitive sensor (MEMS) to a time/frequency signal by using a Capacitance-Controlled Oscillator (CCO). In this way the sensor is directly converted to a usable time signal, so other pre-processing such as amplification and filtering can be avoided. Different oscillator topologies are investigated, designed in UMC130 CMOS technology, and compared to each other, based on key parameters such as tuning range, linearity, phase noise and power consumption. It is indicated which oscillators are suited for which applications.
Introduction
Due to the ongoing trend towards smaller CMOS technologies, conventional amplitude-based converters suffer from decreased supply voltages and non-idealities [1] . Converting the sensor signal to the time domain can counter most of these problems, because digital circuits suffer less from lower supply voltages and non-idealities due to mismatch, noise, non-linearities, etc. Since time-based converters are gaining popularity, ways have to be investigated to generate a time signal out of a sensor.
One possibility is to generate an amplitude sensor signal (e.g. charge-pumping for capacitive sensors), which is then fed to a Voltage-Controlled Oscillator (VCO). However, the generation of the amplitude signal requires extra building blocks that also consume power and inject extra noise into the sensor signal. Therefore, this work focuses on the total integration of the capacitive sensor into an oscillator (Capacitance-Controlled Oscillator (CCO)), without extra signal processing. The time domain signal can then be digitized by the use of an open-loop time-to-digital converter (TDC), PLL-based structure [1] or other time-to-digital structures.
Design parameters and oscillator topologies
To make a fair comparison between different oscillator topologies, different parameters need to be investigated and compared to each other. First, parameters such as sensitivity/tuning range define the dynamic range of the output (time) signal. Increasing the sensitivity of the CCO will mostly result in a higher resolution of the sensor-to-digital conversion. Second, calibration of sensor (interfaces) is almost inevitable but comes with an extra cost. A high linearity of the sensor-to-frequency conversion can result in an easier calibration (e.g. 2-point calibration) and linear blocks are preferred in most systems, making a linear input-output characteristic very interesting. Third, CCO phase noise corresponds to jitter in the time domain and will of course influence the resolution and precision of the time-to-digital conversion. In amplitude-based converters, the noise floor will limit the resolution, whereas jitter in the time domain will do that. Low phase noise values can be achieved at the expense of more power consumption. On the other hand, capacitive sensors are widely used in low-power applications, so a high power consumption of the CCO will ruin the capability of using the sensor interface in this kind of applications. So besides phase noise, power consumption is another important and the fourth and last parameter to be investigated. The tuning range, phase noise and power consumption values will be combined in an already published Figure  Of Merit (FOM) [2] , revealing the trade-offs in the designs. The investigated CCO topologies are depicted in Fig. 1 . and include the standard ring oscillator (7-stage) (a), the current-starved ring oscillator with resistors (7-stage) (b), the coupled sawtooth (7-stage) (c) and a fully differential topology (4-stage) (d). In all of these, a capacitive sensor C with C 0 = 5pF and a variable range of 1pF is integrated in one stage, while the other stages are loaded with the same capacitance C load , which is swept from 1-5pF, resulting in different designs. This is to investigate the influence of symmetrical and asymmetrical loading on the different stages. To make a valid comparison, every oscillator is designed with equal stages and equal free-running frequency f 0 , which is 10 MHz.
Results
Every oscillator topology is designed for 5 different C load , resulting in 20 different designs in total. The Percentage Tuning Range (PTR), which is defined as TR/f 0 , is plotted in Fig. 2 (a) for the different oscillator topologies as a function of C load . It is clear that when the stages, besides the stage that is loaded by the sensor, are loaded more symmetrically with respect to the sensor stage, the tuning range decreases (~ sensitivity of the output frequency to the capacitive sensor). However, the linearity of the conversion characteristic increases (Fig. 2. (b) ) when the CCO is more symmetrically loaded, revealing a first tradeoff. For both parameters, the differential topologies (c) and (d) perform the best. Fig 3. (a) shows the phase noise for the different designs. The phase noise decreases for a more symmetrically loaded design (f 0 = constant), but the power consumption increases (Fig. 3. (b) ), which is the second trade-off. If we combine three of the four parameters (PTR, phase noise and power) into a FOM [2] , we obtain the plot in Fig. 4. (a) . The FOM does decrease slightly as a function of C load , but remind that the linearity (which is not included in the FOM) does improve, so in the end, the trade-offs remain. The single-ended topologies outperform the differential ones, mainly because of the low power consumption (only dynamic) and the better phase noise values. But in standard simulations, only inherent noise of the oscillator is taken into account when computing phase noise and no external noise such as supply and substrate noise. It is known that differential structures are more robust towards supply and substrate noise [3] , so when supply noise is added, it is clear the differential ones start to dominate (see Fig 4. (b) ). In Table 1 . absolute results are summarized for the case where C load = 3 pF for the different topologies. 
Conclusion
It is clear that trade-offs have to be made when choosing topologies and capacitive loading, depending on the target specifications. More symmetrical structures tend to have better linearity and phase noise, but consume a lot more power and have lower sensitivity to capacitive sensor variations. Differential topologies mostly are preferred over single-ended ones because of the lower sensitivity to substrate and supply noise.
